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Abstract 
This essay calculates the volume of the smoke exhausted from the exhibition center based on the formula for smoke control calculation in 
NFPA92B. It also assesses the evacuation system design using the CFD-based numerical simulation software. According to the results, it 
is perfectly reasonable to install the mechanical extraction system for the first floor and natural smoke extraction system for the second 
floor. The fire breaking out on the first floor with a heat release rate of 20 MW will not impose any threat to the exhibits on the second 
floor when some preventive measures are adopted. 
© 2014 The Authors. Published by Elsevier Ltd. Selection and peer-review under responsibility of the Academic Committee 
of ICPFFPE 2013. 
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Nomenclature 
VA  cross sectional area of smoke vent (m2) 
OA  total area of all air inlets (m2) 
PLC  isobaric specific heat capacity (kJ/(kg/K) 
VC  discharge coefficient at the outlet (normally between 0.5 and 0.7) 
OC  discharge coefficient at the inlet (normally around 0.6) 
bD  thickness of smoke under the vent window (m)
g gravitational constant(m/s2) 
t  burning time (s) 
plm  mass flow of plume (kg/s) 
Q  heat release rate (kW) 
CQ   convective heat release rate (kW) 
T  absolute temperature of smoke (K), 0T T T%   
0T  absolute temperature of ambient air (K)
V volumetric flow rate of plume (m3/s) 
z  height from fire source to smoke layer (m) (no less than the minimum height of marginal visibility) 
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1z  maximum height of fire (m) 
Z height above fire source(m) 
Greek symbols 
α fire growth coefficient (kW/s). The coefficient is 0.002931 for slow growth, 0.01127 for medium, 0.04689 for 
fast, and 0.1878 for ultrafast. 
0S  density of ambient air (kg/m3) 
0. Introduction 
Numerous exhibition centers are built across China with the rapid economic development. Often, these quaint, spacious 
centers have become the landmark, which directs much attention to their safety issues. Yet the design of the smoke 
extraction system in the centers is never specified in the relevant fire prevention code. Usually, the performance-based 
approach to fire safety design is adopted. This essay calculates the volume of the smoke removed from an exhibition center 
using the formula in NFPA92B, assesses the design proposal for the smoke extraction system using the CFD-based 
numerical simulation software, and evaluates the fire safety of the exhibition center by comparing the simulation results. 
1. Overview of the project 
The exhibition center is large with two floors for exhibition and four floors (including the ground floor for parking) for 
auxiliary purposes. The cornice height for the underground garage is 34 meters. The center covers an area of 55,450 square 
meters. The first floor for exhibition is 16 meters high with a clear height of at least 14 meters, and the clear height of the 
second floor for exhibition is 10 meters. The exhibition halls on the first and second floors, respectively covering 5,484 
square meters and 6,565 square meters, are separated by an elevated platform, which constitutes a fire compartment. The 
atrium and the exhibition hall on the second floor, with the clear heights exceeding 12 meters, are considered as a natural 
smoke extraction system. For the atrium whose clear height is less than 12 meters, its openable skylights and side windows 
shall cover no less than 5% of its area according to Term 8.2.2.5 in Code for fire protection design of tall buildings. 
The fire source has important influence on the smoke control system of the exhibition center, because the volume and 
state parameters of the smoke and the driving force of the smoke flow change with it. Therefore, the flow and spread of the 
smoke are dependent on the fire source. There are two kinds of fire in the fire scene modelüsteady fire and unsteady fire. 
The former kind is an idealized model for that the real-fire growth power changes all the time. There are several formulae of 
describing the growth of power. Most commonly, the fire is assumed to grow as a t-squared fire as shown in formula 1. 
2
tQ tB       ˄1˅ 
The fire area and fire power (heat release rate) are two features of the fire source. In practice, Term 4.1.6 in Design 
Specifications of Fixed Fire Monitor Extinguishing Systemsüwater or foam should be injected in 5 minutes after the water 
and foam monitor extinguishing systems are startedüshould be referred to. Also, the automatic fire monitor extinguishing 
system is equipped with a dual-band fire detector with a long range of detection and high sensitivity. If the exhibition hall is 
on fire and the heat is released fast, the dual-band fire detector can detect the fire in 1 minute and initiate the systems. 
If, by conservative calculation, the fire breaks out in the hall with a high heat release rate, and the fire monitor 
extinguishing systems start spraying water 6 minutes later, the result would be as follows according to formula 2: 
2 20.0469 360 6.0fQ t MWB  q       ˄2˅ 
Given that the highest heat release rate for supermarkets and warehouses with water sprayers is 4MW according to the 
Civil construction technical specification for smoke control and suppose that the exhibition halls and atrium are equipped 
with fire extinguishing systems, the authors of this essay believe that 6.0 MW is a conservative estimate. Therefore, the t-
squared and steady fire model is chosen and the largest fire power is 6MW and α is 0.04689. The fire power growth curve is 
shown in Fig. 1. Again, given that the highest heat release rate for supermarkets and warehouses without water sprayers is 
20MW according to the Civil construction technical specification for smoke control  and suppose that the fire extinguishing 
systems in the halls do not work, the largest heat release rate is assumed to be 20 MW. 
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Fig. 1. Fire growth power-time curve. 
2. Smoke prevention and extraction system design 
The mechanical extraction system is commonly used to control smoke, and for many years some research has been 
conducted on it. In theory, most analyses are based on the two-layer zone model [2,3]. Yet there is no mass or energy 
exchange but only plume on the smoke-air interface [4] base on zone model. If the fire is controlled within a small area, the 
smoke is relatively hot and buoyant, and clearly separated from the cold air. If the smoke extractor is installed in the ceiling 
for removing smoke and an opening is left at the bottom for feeding fresh air, then the smoke is substituted for air [5,6]. 
In practice, the smoke extraction system and mechanical extraction system should be designed and operated on the 
premise that people can be evacuated safely during which they will not be hurt by smoke. That is to say, the evacuation 
passageway should be kept safe for evacuation for a set time. 
2.1. Calculation of the mechanical extraction volume for the first floor 
The volume of the smoke removed by the mechanical extraction system needs to be calculated using the formula when 
designing the smoke control system for the gymnasium. Three situations in terms of the smoke extraction volume will be 
considered when conducting the performance-based design of smoke removal for the atrium[7,8]: 
˄1˅. The smoke removal volume is larger than the fire-incurred smoke volume 
˄2˅. The smoke removal volume equals the fire-incurred smoke volume, and the smoke layer is above the critical height 
which ensures that the people can be evacuated safely 
˄3˅. The smoke removal volume is less than the fire-incurred smoke volume, but when the smoke layer is below the 
critical height, all the people have been evacuated 
In this essay, the second situation is taken into consideration, in which some of smoke has not been removed by the 
mechanical extraction system and the smoke layer stays at a certain height allowing for marginal visibility. In this case, the 
critical height needs to be determined. Normally, the critical height is 2 meters above the floor. The highest point of the 
bleachers is 16.5 meters high, so a critical height of 18.5 meters is chosen. According to NFPA92B, the formula as to 
calculate the smoke removal volume is shown as follows[4]: 
0.7CQ Q      ˄3˅ 
The volumetric flow rate of plume is shown as follows: 
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It can be calculated from formulae (3) and (4) that to ensure the critical height is more than 3.05 meters and the 
temperature of the smoke layer is less than 120ć, the critical height of the smoke layer must be more than 6.57 meters, at 
which the volume of the smoke generated is about 137,000m3/h. The effective smoke extraction volume will be 
137,000m3/h assuming that it equals the volume of the smoke generated. The volume of the extractor will be 200,000m3/h 
assuming that the efficiency coefficient for smoke extraction is 0.7. Therefore, the volume of the extractor for the first floor 
of the exhibition center  is 200,000m3/h according to the preliminary result. 
2.2. Calculation of the window area for natural smoke extraction for the second floor 
It is calculated according to formula 6-13 for calculating natural smoke evacuation volume in Civil construction 
technical specification for smoke control released by Shanghai Municipality. Given that the highest point of the second-
floor exhibition center is 18 meters, a critical height of 3.4 meters (Z) is chosen in this essay. According to Term 6.1.5 in the 
Guideline on Performance-based Fire Protection Design and Assessment for Construction, the average temperature of the 
upper smoke layer is no higher than 180ć. Out of prudence and given that the fire power is 6MW, the temperature of the 
smoke layer is assumed to be 120ć. Formula 5 is used to calculate the ventilation area when the smoke is removed 
naturally. 
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Note: trial method is adopt to calculate VA ǃ VC  
Where: Q=6MW, OA =60 m2, VC =0.6, 0S =1.29 kgˋm3, 0T =293K. 
When the vent for natural smoke extraction covers 240m2 (which accounts for 4% of the area of the exhibition hall on the 
second floor), Z (minimum height of marginal visibility)=13.94 meters, Mρ˙100(kg/s), T (absolute temperature of smoke 
layer)˙340K, the average thickness of smoke layer is 2.06m; when the vent area for natural smoke extraction is 20m2, Z 
(minimum height of marginal visibility)= 9.93m, Mρ˙60(kg/s), T (absolute temperature of smoke layer)˙368K, the 
average thickness of smoke layer is 5.07m. 
2.3. Calculation of smoke parameters in the worst fire scene 
A fire compartment is set between the exhibitions halls on the first and second floors so that in case of the most 
unfavorable fire scene on the first floor, the plume may not ignite the exhibits on the second floor. To this end, it is 
important to utilize the capacities of the second floor to remove smoke naturally and at the same time store smoke. The 
high-temperature smoke will be removed from the vent naturally, so that the temperature of the smoke layer on the second 
floor will be stabilized and not ignite the exhibits on the second floor. Safety criteria: I. the smoke temperature 5 meters 
above the second floor does not exceed 120 ć (supposing that the combustibles are stacked up 5 meters at most); II. the 
smoke temperature above 5 meters does not exceed 180 ć (when the temperature of the smoke layer is 180ć, the heat flux 
below the layer is 5kw/m2. To ignite a piece of paper, the minimum heat flux should be 10kw/m2.). 
Assuming that the fire source is under the elevated platform, the highest heat release rate would be 20MW. 
Assuming that the plume is axisymmetric (and all the smoke in the exhibition hall on the first floor flows into the hall on 
the second floor) 
When    1/3 5/31, 0.071 0.0018p c cz z M Q z Q                (6) 
3/5
1, 0.032p cz z M Q zb   
2/5
1 0.166 cZ Q  
Formula 5 is used to calculate the vent area for natural smoke evacuation. 
Where: Q =20MW,Ao=60 m2, OA =0.6, 0S =1.29 kgˋm3, 0T =293K 
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When the vent for natural smoke extraction covers 240m2 (which accounts for 4% of the area of the exhibition hall on the 
second floor), Z (minimum height of marginal visibility)=25.67 meters, Mρ˙220(kg/s), T (absolute temperature of smoke 
layer)˙362K (89ć), the average thickness of smoke layer is 8.04m. The results meet the requirement for the smoke 
extraction system design. 
2.4. Natural smoke extraction design for the exhibition hall on the second floor 
The plan for the natural smoke extraction design is shown as follows based on the preliminary calculation results for the 
second-floor exhibition hall. The vent area for natural smoke extraction is 240m2, which accounts for 4% of the area of the 
exhibition hall on the second floor. Skylights or side windows cover an area of 120 m2 (there are 6 skylights, each of which 
covers an area of 20m2; and 5 side windows, each covering an area of 24m2), which are shown in Fig. 2. 
 
Fig. 2. natural smoke extraction system in the exhibition hall on the second floor. 
2.5. Field simulation of smoke movement in the exhibition center 
Field simulation can describe the combustion, flow and heat transfer in a fire scene, and hence an importance approach to 
studying fire. FDS (Fire Dynamics Simulator) is the field simulation software developed by NIST for studying the fluid 
flow during combustion. It is used to analyze the movement of smoke and heat in a fire scene. FDS4.06 is used in this essay 
to simulate the smoke movement in the gymnasium in a set fire scene. 
To conduct field simulation, a certain fire area is chosen because the exhibition center is too large. The operation time 
should not be long, and the real fire scene should be reflected in the simulation, so the mesh generation is proposed as 
follows: the domain is meshed into cubes of equal size (0.5 meter in length), while the area around the fire source is meshed 
into smaller cubes (0.25 meter in length). There are 1,826,696 cubes. The major outlets are considered as the openings for 
feeding air, and other outlets as closed out of prudence. Also, the scenario of some outlets is simplified. Considering that the 
lower part of the outlet is blocked by people during evacuation, the air is indrawn through the opening above the people. 
The mechanical smoke extraction system will be started 120 seconds after the fire breaks out. The simulated fire scene is 
shown is Fig. 3. 
The boundary of the smoke layer is not defined in field simulation. For large space, Hq˙1.6क 0.1H (Hgüminimum 
height of marginal visibility (m), Hünet height of space for smoke extraction (m)). The height of the first floor is 15 meters, 
and that of the second floor is 18 meters, therefore a minimum height for the first floor (Z1) of 3.05 meters and that for the 
second floor (Z2) of 3.40 meters are chosen. For spacious buildings, a visibility distance of 7.6 meters in the smoke is 
suggested by Ray Sinclair, but a conservative number of 10 meters is chosen in this essay. 
 
549 Qiang Fu et al. /  Procedia Engineering  71 ( 2014 )  544 – 551 
 
Fig. 3 simulated fire scene. 
 
Fig. 4 cross-sectional visibility chart for the first floor 7,000s after the fire breaks out. 
 
Fig. 5 cross-sectional visibility chart for the second floor 664s after the fire breaks out. 
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Fig. 6 vertical-sectional visibility chart 7,200s after the fire breaks out. 
 
Fig. 7 vertical-sectional temperature chart 7,200s after the fire breaks out. 
The time for evacuation on the first floor is 303 seconds and on the second floor 498 seconds. It is known from Fig. 7 
which compares the evacuation results that the design can ensure the safe evacuation even in case of the most unfavorable 
fire scene. Also, it is seen from the visibility charts and temperature chart that the smoke layer is stabilized with few 
changes in its thickness, visibility or temperature 2,700s after the fire breaks out. It means that a balance is struck between 
the volume of the smoke generated and that of the smoke removed from the first and second floors, so a stable smoke layer 
is formed. If at that moment the temperature of the smoke cannot cause the exhibits on the second floor on fire, then it is 
believed that the fire will never ignite the exhibits thereafter. 
2.6. Discussion 
China has never introduced any regulations on the smoke control system design for large-sized exhibition centers. A 
volume of 600,000m3 of smoke will be exhausted per hour from the first floor as a smoke bay (whose height is more than 6 
meters) according the volume of 120m3/m2*h. If the smoke is substituted for air for four times as in the atrium, then a 
volume of 360,000 m3 of smoke is removed per hour from the exhibition hall on the first floor which covers an area of 
90,000m3. According to the performance-based design, a volume of 200,000m3 of smoke is removed per hour, half of what 
is required. Thus, the performance-based smoke extraction design by all means can ensure the fire safety in the gymnasium 
and save money. 
The natural smoke extraction system should not be used for an atrium with a length more than 12 meters according to the 
norm. But nevertheless, the heavy mechanical extractor cannot work well on its own due to the large size of the exhibition 
hall on the second floor. Also, it is unbearable financially. It is proved by calculation and simulation that the large space can 
be used to store and remove smoke at the same time and that fire safety and personnel security be ensured. 
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Unlike the supermarket and warehouse, an exhibition center stores less combustibles. It is suggested that a fire 
compartment be formed given the large space of the passageway in the center. Also, the exhibits should be more than 6 
meters above the elevated platform so that the smoke is blocked by the floor like the balcony spill plume and the exhibits on 
the second floor will not be ignited. The temperature of the smoke is noticeably lowered when the smoke reaches the second 
floor, hence no threat to the exhibits there. 
3. Conclusion 
˄1˅. In practice, the performance-based smoke management system design for the exhibition center can at once meet the 
requirement for fire safety and optimize the smoke control system. Therefore, such a performance-based design concept for 
occupant evacuation in large public facilities can serve both safety and economic purposes. 
˄2˅. Smoke shall be removed and stored for the better operation of the smoke extraction system in large facilities. The 
formation of the smoke layer above will facilitate the natural smoke extraction and stabilize the layer itself. 
˄3˅. According to the smoke control analysis, the smoke control system will more than ensure the safe evacuation when 
fire-fighting equipment works well or even in the opposition situation when a fire with a heat release rate of 20 MW breaks 
out in the exhibition hall on the first floor. 
˄4˅. The area for exhibition on the first floor is 8 meters at least away from the glass wall, and that on the second floor 
is 6 meters at least from the elevated platform. A fire compartment is formed according to the design, and the high-
temperature smoke will not ignite the exhibits on the second floor. Also, the area can be used to facilitate evacuation. 
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